Fear conditioning plays an important role in the development of a wide range of psychopathologies including anxiety, phobia, and posttraumatic stress disorder (PTSD)[@b1][@b2]. In an attempt to identify the neural network of fear processes, numerous neuroimaging studies have elucidated the neural systems of fear processes using the paradigm of classical fear conditioning[@b3][@b4][@b5][@b6][@b7][@b8][@b9]. The fear processes can be divided into four distinct phases: fear acquisition, fear consolidation, fear reconsolidation, and fear extinction[@b2][@b10][@b11]. However, little is known about functional connectivity and spontaneous neuronal activity following a fear reminder. It is particularly unclear how the fear reminder contributes to the next fear extinction stage. Studies of Pavlovian fear conditioning in rodents and humans indicate that a neural circuit including the amygdala, insula, dorsal anterior cingulate (dACC), prefrontal cortex, and temporal cortex was involved in fear acquisition[@b12][@b13][@b14]. With regard to fear consolidation, considerable evidence indicate that amygdala, parahippocampus and amygdala-dmPFC, amygdala-dACC, and amygdala-mPFC functional connectivity were critical for the fear memory consolidation[@b4][@b9]. As for fear extinction, cumulative evidence have identified the amygdala, hippocampus (Hip), ventromedial prefrontal cortex (vmPFC), and dorsal lateral prefrontal cortex (dlPFC) as the major regions involved in fear extinction[@b15][@b16][@b17][@b18][@b19][@b20]. Specifically, Phelps *et al*. found that amygdala activation was correlated across subjects with the conditioned response in both acquisition and early extinction, suggesting that amygdala response may be related to acquisition learning, extinction learning and early extinction success. Moreover, vmPFC (subgenual anterior cingulate) activation at the beginning stage of day 2 extinction was significantly correlated with day1 extinction success, indicating that the vmPFC is critical for the retention of extinction[@b6]. Furthermore, Delgado *et al*. found that dlPFC activation was correlated across subjects with emotion regulation success and the left amygdala and dlPFC were positively correlated with the vmPFC in functional connectivity analysis. These results suggest that the lateral PFC regions engaged in cognitive emotion regulation strategies may influence the amygdala, diminishing fear through similar vmPFC connections that are thought to inhibit the amygdala during extinction[@b20].

Many recent behavioral studies of fear reconsolidation demonstrate that fear extinction conducted following a fear reminder can prevent the spontaneous recovery[@b2][@b10][@b21][@b22]. Moreover, recent research in rodents suggested that the amygdala and the vmPFC played an important role in the reconsolidation of emotional memory traces following their retrieval[@b23][@b24]. However, why does the fear reminder contribute to the following fear extinction? Past researches provided a couple of explanations: the enhancement of extinction and the disruption of reconsolidation. In terms of enhancement of extinction, the fear reminder was thought to enhance the formation of a new conditioned stimulus (CS)-no-event association that competes with the original CS-US memory trace[@b25][@b26][@b27]. However, disruption of reconsolidation was supposed to weaken or erase the original association between the CS and the US (the subject forgets that the CS ever predicted the US)[@b28][@b29][@b30]. The present study was conducted to investigate whether the extinction effect was due to the enhancement of extinction or disruption of reconsolidation.

RSFC is a powerful approach for understanding composition and stability of these functional networks[@b31][@b32][@b33][@b34]. Regarding the amplitude of LFF(ALFF), Biswal *et al*. found that ALFF was higher in grey matter than in white matter[@b35]. In addition, Kiviniemi *et al*. reported activation in the visual cortex due to low-frequency fluctuations at about 0.034 Hz using the power spectrum method[@b36]. Moreover, Zang *et al*. found that ADHD children have different ALFF in some brain areas, indicating that ALFF may be a potential index of regional spontaneous neuronal activity[@b37]. By using RSFC and ALFF, the present study attempted to examine the resting state of brain (functional connectivity and spontaneous neuronal activity) following the fear reminder.

Based on the studies mentioned above[@b2][@b10][@b23][@b24], we hypothesized that there would be equal fear ratings between the reminder group and the no reminder group at the fear acquisition (on the first day) and extinction stages (on the second day). However, at the re-extinction stages (on the third day), fear ratings of the no reminder group would be greater than these of the reminder group. Moreover, we also expected to observe different spontaneous neuronal activities and functional connectivities between the reminder group and the no reminder group following fear reminder (on the second day). Additionally, we expected to observe activation of the fear matrix that includes amygdala, dACC, insula, thalamus, and temporal lobe, in the stage of acquisition. Moreover, we also expected to observe different brain activities between the reminder group and no reminder group in the stage of re-extinction. Specifically, dlPFC activation is hypothesized to emerge in the reminder group, while the activity of the vmPFC and amygdala would be greater in the no reminder group.

Results
=======

Behavioral result
-----------------

Subjective fear ratings (CS+ and CS−) were acquired using an 1--7scale of fearfulness (on a 7-point Likert scale: 1, a little; 4, moderately; 7, extremely) at the stage of fear acquisition (on the first day), fear memory extinction (on the second day) and fear memory re-extinction (on the third day). On the first day, two-way mixed ANOVA analysis on the group (fear acquisition group vs. control group) and the type of the conditioned stimulus (CS+ vs. CS−) revealed that there was a significant interaction between two factors, F(1,54) = 79.45, p \< 0.001. To examine the effect of experiment treatment, we performed simple effect analysis. In the fear acquisition group, the subjective fear ratings of CS+ and CS− was as follows: the CS+: *M* = 5.42, *SD* = 1.52, the CS−: *M* = 1.28, *SD* = 0.77, *t* (35) = 13.07, p \< 0.001. In the control group, the subjective fear ratings of CS+ and CS− were as follows: the CS+: *M* = 1.75, *SD* = 0.55, the CS−: *M* = 1.6, *SD* = 0.60, *t* (19) = 1.14, p = 0.27. For another simple effect analysis, the following results were obtained: there was no significant difference between the subjective fear ratings of CS− in fear acquisition group (M = 1.28, SD = 0.77) and that in the control group (M = 1.6, SD = 0.60), t(54) = 1.59, p = 0.12; However, there was greater subjective fear ratings of CS+ in the fear acquisition group (M= 5.42, SD = 1.52) than that in the control group (M = 1.75, SD = 0.55), t(54) = 10.34, p \< 0.001.

In the following analysis, we used the differential fear ratings (CS+ substract CS−) as the fear indicator which was in line with the prior researches[@b2][@b10][@b38]. Additionally, there was no significant difference in the subjective fear ratings (CS+ substract CS−) between the reminder group (M= 4.45, SD = 1.19) and the no reminder group (M = 4.13, SD = 1.09) during the stage of fear acquisition (on the first day), t(34) = 0.845, p = 0.40. The behavioral results indicated that the fear acquisition group (the reminder group and the no reminder group for second-day study) acquired the conditioned fear.

Extinction effect was evaluated using a two-way mixed ANOVA on the group (reminder group vs. the no reminder group) and the time (the second day vs. the third day). The results showed a significant interaction between the group and time, F(1, 34) = 14.18, *p* \< 0.001. Thus, we performed an simple effect analysis, and the results indicated that there was no significant difference in fear ratings (the differential fear ratings between CS+ and CS−) between the reminder group (M = 1.90, SD = 0.72) and the no-reminder group (M = 1.63, SD = 0.62) during the stage of fear extinction (on the second day) (p = 0.23). Subjects in the no-reminder group had greater fear ratings (M = 3.31, SD = 1.70) than those in the reminder group (M = 1.75, SD = 0.55)(on the third day) (p = 0.001). For another simple effect analysis, the following results were observed: there was no significant difference in subjective fear ratings of the reminder group between the second day (M = 1.90, SD = 0.72) and the third day (M = 1.75, SD = 0.55) (p = 0.42); However, in the no reminder group, subjects had greater fear ratings M = 3.31, SD = 1.70) on the third day than that on the second day (M = 1.63, SD = 0.62) (p \< 0.005) (see [Fig. 1](#f1){ref-type="fig"}).

In summary, the findings are consistent with those from prior research[@b2][@b10]. The behavioral results indicated that spontaneous recovery appeared only in the no reminder group on the re-extinction stages, but there was no spontaneous recovery in the reminder group. In addition, our behavioral results demonstrated that extinction during fear reconsolidation can prevent the spontaneous recovery of fear following the fear memory reminder.

Resting-state fMRI Results
==========================

The ALFF result following the fear reminder
-------------------------------------------

In order to investigate spontaneous brain activity following fear memory reactivation, a two sample t-test (ALFF image for each group) was conducted. The results indicated significant difference between the two groups in some brain areas. Areas showing increased ALFF in the reminder group included dACC and vmPFC(t\[36\] = 2.43, p = 0.01)(see [Fig. 2](#f2){ref-type="fig"} [Table 1](#t1){ref-type="table"}). The difference of brain activity between two groups indicated dACC may play a crucial role in fear expression[@b7][@b39]. More importantly, the results also suggest that the vmPFC may serve a key role in the modulation of the conditioned fear following fear reminder[@b23].

The RSFC result (voxel wise) following fear reminder
----------------------------------------------------

To further investigate functional networks after the fear reminder, we performed a two sample t-test analysis (voxel wise image for each group) on rs-fMRI data. The results indicated that there was much stronger functional connectivity between the amygdala and vmPFC in the reminder group than that in the no reminder group (t\[36\] = 2.43, p = 0.01) (see [Fig. 3](#f3){ref-type="fig"}). Furthermore, the results suggested that the RSFC between amygdala and vmPFC may play an important role in the state of fear memory reactivation, which may influence the following extinction effect.

In the stage of fear acquisition, we found that the fear matrix, including amygdala, dACC, mPFC, insula, thalamus and temporal lobe, is only active in the experimental group (the reminder group and no reminder group), but not in control group. Moreover, on day1 the experiment began with a baseline rest condition (REST1, 10 min), then participants completed fear acquisition task (40 min) before the experimental rest condition (REST2, 10 min)[@b9][@b11]. To verify whether the ALFF and functional connectivity difference between two groups were due to fear reminder, we performed two sample t-test of REST1(REST1 for reminder group vs. REST1 for no reminder group) and REST2(REST2 for reminder group vs. REST2 for no reminder group) in two groups respectively. The result revealed that there were no differences of ALFF and functional connectivity between two groups on day1 before and after fear conditioning. The results suggest that the observed ALFF and functional connectivity differences between two groups due to fear reminder.

In summary, the ALFF and the RSFC results suggest that the amygdala and the vmPFC served a key role in the state of fear memory reactivation following fear memory retrieval. However, could spontaneous neuronal activity and the RSFC contribute to the following extinction stages? These findings suggest spontaneous neuronal activity and the RSFC following fear reminder may play an important role in the following extinction stages, which may contribute to erase the fear memory.

Brain--behavior correlation results
-----------------------------------

To examine whether the ALFF following fear reminder predicts extinction effect, we conducted the correlation analysis between ALFF and the change (∆) in subjective fear ratings in the reminder group. The results showed that the ALFF of vmPFC was positively correlated with the change (∆) in subjective fear ratings (*r* = 0.62, *p* = 0.01) (see [Fig. 4](#f4){ref-type="fig"}). The findings suggest individual differences in ALFF following fear reminder can predict individuals' extinction effect.

Discussion
==========

Using ALFF and RSFC, we investigated the spontaneous neuronal activities and functional networks following fear memory reminder. The behavioral results showed that there were no significant differences of fear ratings between the reminder group and the no reminder group at the fear acquisition and extinction stages, but spontaneous recovery appeared in the no reminder group at re-extinction stages only. Moreover, neuroimaging results yield two dominating findings. Firstly, after the fear reminder, we found some brain regions including dACC and vmPFC showed greater activations in the fear reminder group than that in the no reminder group. Secondly, there was much stronger functional connectivity between the amygdala and vmPFC in the reminder group than that in the no reminder group. In summary, these results suggest that, following fear reminder, stronger functional connectivity between vmPFC and amygdala in reminder group could serve a key role in the following fear extinction stages, which may contribute to the erasing of the fear memory.

In consistent with prior researches, our behavioral results showed that there was no significant differences in fear ratings between the reminder group and the no reminder group at the fear acquisition and extinction stages, but spontaneous recovery appeared in the no reminder group at re-extinction stages (disruption of reconsolidation). In the present study, we performed the extinction during the fear memory reconsolidation window, which may disrupt fear memory reconsolidation (attenuated, or erasure the original CS-US memory trace). Disruption of reconsolidation was regarded to weaken the original association between the CS and the US (i.e., the subject forgets that the CS ever predicted the US[@b28][@b29][@b30]). Moreover, it was also suggested that the reminder and the fear reconsolidation window may be important determinants to prevent spontaneous recovery[@b10][@b40][@b41].

With respect to the neural systems following the fear reminder, the first finding was that some brain areas including vmPFC and dACC showed increased ALFF in the reminder group than that in the no reminder group. Several human neuroimaging studies have shown that the dACC were closely associated with fear acquisition and the expression[@b7][@b42][@b43][@b44]. In the present study, our findings indicate that the dACC served a key role in the expression of conditioned fear responses following the fear memory reminder. In addition, regulatory mechanisms such as reappraisal, suppression, and regulation, were thought to reside in the PFC. Specifically, a wealth of studies have suggested that ventral-rostral portions of the ACC and mPFC play a regulatory role in limbic regions involved in generating emotional responses[@b39][@b45][@b46][@b47]. Moreover, the vmPFC may play an important role in the ''automatic'' emotion regulation processes[@b48][@b49][@b50]. In our study, the vmPFC might function through dampening the output of other brain regions involved in conditioned fear response, such as amygdala, dACC.

Importantly, we mapped the amygdala circuitry in humans using RSFC techniques, which rely on detecting coherent patterns of spontaneous activities and delineate entire functional networks[@b51]. The result showed that there was were much stronger functional connectivity between the amygdala and vmPFC in the reminder group than that in the no reminder group. Prior studies have demonstrated that the amygdala and vmPFC served a key role in the fear reconsolidation process. Specifically, Tronson and his fellows suggested that activation of amygdala PKA enhanced fear reconsolidation process only when the fear memory was retrieved and PKA inhibition impaired reconsolidation[@b52]. Moreover, the protein synthesis of the amygdala was also indispensable for fear memory reconsolidation process following the fear reminder[@b24]. Regarding the vmPFC, protein synthesis and NMDA receptors played an important role in fear reconsolidation[@b23]. Regarding functional connectivity between amygdala and vmPFC, Agren *et al*. found that there was stronger functional connectivity between amygdala and the fear network (insula, hippocampus, and the midline anterior cingulate cortex) after normal memory reconsolidation but not after disrupted reconsolidation[@b38]. Moreover, Schiller *et al*. found that extinction during fear memory reconsolidation window diminished the involvement of the vmPFC. The results showed that there was stronger functional connectivity between the vmPFC and amygdala during extinction of the non reminded, but not the reminded CS+[@b53]. A lot of studies led to the establishment of the reconsolidation theory, which assumed that a short CS− alone trial leads to memory reminder that activates a temporary labile state of the memory, during which the memory, i.e., the original CS-US association, can be modified, strengthened or attenuated/erased, before reconsolidating and becoming stable again[@b28][@b29][@b30]. In the present study, we performed the extinction during the fear memory reconsolidation window, which disrupted fear memory reconsolidation (attenuated, or erasure the original CS-US memory trace). Disruption of reconsolidation is regarded to weaken the original association between the CS and the US, i.e., the subject forgets that the CS ever predicted the US[@b28][@b29][@b30]. In the present study, disruption of reconsolidation may prevent the protein synthesis and NMDA/PKA activation in the amygdala and vmPFC. Moreover, extinction during the fear memory reconsolidation window may alter functional connectivity between the amygdala and vmPFC. Different from the no reminder group, there may be a relative disconnect between the amygdala and vmPFC at fear extinction stage in the reminder group. This altered connectivity may play an important role in enabling extinction learning to more permanently modify the original fear memory trace[@b53]. As a result, spontaneous recovery during re-extinction appeared only in the no reminder group, but not in the reminder group (disruption of reconsolidation). Simpson *et al*. found that the Regional cerebral blood flow (BF) of mPFC decreases in these areas were inversely correlated with self-rated anxiety, such that the least anxious subjects exhibited the largest BF reductions, whereas the most anxious subjects showed no significant BF reduction or a slight increase[@b54]. Regarding the therapy for PTSD patients, recent studies show that the combination of reconsolidation and extinction approaches may be more efficient in eliminating learned fear than using extinction alone[@b2][@b10]. However, exposure therapy, functions differently through augmenting reconsolidation of trauma-related memories in the context of associated arousal and an increase in noradrenergic signaling[@b55]. In our study, greater connectivity of the default network (PCC, mPFC, precuneus) such as vmPFC with the amygdala after fear reminder may be particularly interesting. These findings suggest that a function of the default network is to maintain the organism in a state of readiness for expected future events[@b56].

Interestingly, the ALFF of vmPFC was positively correlated with the change (∆) of subjective fear ratings. Motzkin *et al*. have found that vmPFC lesions were associated with increased right amygdala reactivity to aversive stimuli and increased resting state connectivity with anterior temporal cortex. It suggests that it is a critical role for the vmPFC in regulating amygdala activity[@b57]. Among health adults, greater functional connectivity between the right amygdala and bilateral IFG, OFC, vmPFC, anterior cingulate cortex, and frontopolar cortex was associated with threat exposure[@b58]. These findings are directly relevant to neural circuitry models of emotion regulation and affective psychopathology. In our study, exposure to fear reminder modulates ALFF of vmPFC and amygdala-vmPFC functional connectivity. This may help to maintain extinction effect when individuals are experiencing anxiety induced by fear reminder. That explains the reason why the ALFF of vmPFC following the fear reminder is able to predict the extinction effect.

The present study examined the resting state of brain (functional networks and spontaneous neuronal activity) following the fear reminder using RSFC and ALFF. Specifically, some brain regions including dACC and vmPFC showed greater activations in the fear reminder group than those in the no reminder group. Moreover, there was much stronger functional connectivity between the amygdala and vmPFC in the reminder group than that in the no reminder group. Accordingly, the present study provided insight into functional networks and spontaneous neuronal activities after the fear memory activation. The present study also provides an explanation for why extinction conducted following the fear reminder can prevent the spontaneous recovery process (disruption of reconsolidation). However, the current study used self-rated fear and did not include widely-used objective behavioral data such as SCR. Findings should be interpreted and generalized with caution.

Methods
=======

Subjects
--------

Three groups of participants with no history of neurological or psychiatric disorders were recruited, with each group consisting of 20 college students from a Chinese university: the reminder group (*M*~age~ = 21.60, SD = 1.57 years, 10 females), the no reminder group (*M*~age~ = 22.05, SD = 1.80, 12 females), and the control group (*M*~age~ = 22.05, SD = 1.80, 12 females). There was no significant difference of trait anxiety among the reminder group (M = 41.4, SD = 1.85), the no reminder group (M = 40.45, SD = 1.86) and the control group (M = 42.1, SD = 1.82), F(2, 57) = 0.20, p = 0.82. There was also no significant difference with regard to the state anxiety among the reminder group (M = 36.55, SD = 1.59), the no reminder group (M = 34.70, SD = 1.40) and the control group (M = 34.75, SD = 1.40), F(2, 57) = 0.52, p = 0.60. All participants were provided written informed consent and paid for their participation. The study were approved by the local ethics committee of Southwest University and the Institutional Human Participants Review Board of the Southwest University Imaging Center for Brain Research. The methods were carried out in accordance with the approved guidelines. The resting-state stages (reconsolidation stages) were performed in the scanner at the second day, and two participants in the no reminder group were removed from the resting-state analysis due to excessive head movement.

Stimuli
-------

As the material of US and the neutral stimulus, 533 pictures (the fear pictures and neutral pictures) chosen from the Internet and International Affective Picture System (IAPS) were used in the fear acquisition, extinction and re-extinction task[@b9][@b59]. Other fifty participants rated 533 pictures. In accordance with the previous research, we used a dimensional model for measuring pictures along 3 dimensions: ''valence'', ''arousal'' and ''the degree of fear''. They rated the respective dimensions on a 7-point Likert scale. Finally we chose 60 fear pictures and 160 neutral pictures, in which the disparity of the degree of fear and the valence was as large as possible (the fear picture (fear): *M* = 5.72, *SD* = 0.51, the neutral picture (fear): *M* = 1.85, *SD* = 0.55, *t*(49) = 33.38, *p* \< 0.001; the fear picture (valence): *M* = 6.08, *SD* = 1.09, the neutral picture (valence): *M* = 2.86, *SD* = 0.50, *t*(49) = 18.35, *p* \< 0.001 and the arousal of fear pictures and neural pictures was as follows: the fear picture (arousal): *M* = 5.12, *SD* = 0.35, the neutral picture (arousal): *M* = 4.74, *SD* = 0.27, *t*(49) = 1.36, *p* \> 0.1. The conditioned stimulus (CS+, CS−) were yellow and blue squares and the unconditioned stimulus (US), and the neutral stimulus were the fear pictures and neutral pictures respectively.

Design and Procedure
--------------------

The experiment consisted of three stages that took place on three consecutive days: Day 1 -Acquisition, Day 2-Reminder, Reconsolidation and Extinction, and Day 3 - Re-extinction (see [Fig. 5](#f5){ref-type="fig"}). The detailed procedures are described below:

Day 1: fear acquisition

All fear acquisition participants (n = 40) underwent a Pavlovian discrimination fear-conditioning paradigm with partial reinforcement at the fear acquisition stage[@b2][@b10][@b38], while the control group (n = 20) underwent the same task without reinforcement. Two stimuli consisting of squares either in blue or yellow color signaled the presence (CS+) or absence (CS−) of a fear picture. The conditioned stimuli was presented for 2 s, and the inter-trial-interval (ITI) was presented for 2--6 s. The CS+ was paired with the fear picture on a 62.5% partial reinforcement schedule and the CS− was always paired with neutral picture. Subjects were instructed to pay attention to the screen and try to figure out the relationship between the squares and the following picture. Moreover, when the CS+ appeared on screen, the subjects need to press key "1", otherwise they should press "3". Two orders were used to counterbalance for key (within subjects design) and designations of colored squares (blue or yellow) as CS+ or CS− (between subjects design). In control group, subjects performed an associative learning task where the yellow or blue color was paired with two types of emotionally neutral pictures, i.e., scenes or objects. That is, the subjects were instructed to predict the kind of picture following each of the color square. The whole session lasted for 40 min. Subjective fear ratings (CS+ and CS--) were obtained immediately following acquisition stages using an 1--7 fearfulness scale (1: mildly; 4: moderately; and 7: extremely).

Day 2: fear memory reminder, reconsolidation and extinction

On day 2, the fear acquisition participants were randomly assigned to two groups: the reminder group (n = 20) and the no reminder group (n = 20). In the reminder group, extinction training was performed after 10 min and was thus inside the reconsolidation window following fear memory reminder. During the fear reminder, the CS+ with the unconditioned stimulus was presented[@b25] followed by a 10 minutes resting state (REST2 for the reminder group, REST1 for the no reminder group) in which the fear memory was activated[@b2][@b10]. However, in the no-reminder group, all procedures were the same as the reminder group except that no reinforcement was given (the CS+ with the neural pictures presented). During the resting state, subjects were instructed to keep their eyes closed, relax their mind, and remain motionless as much as possible. The resting-state scan lasted for 600 s. All participants reported that they had not fallen asleep during the scan.

The extinction lasted for 30 min, where 60 CS+ and 60 CS− were presented without reinforcement. Subjective fear ratings (CS+ and CS−) were obtained immediately following fear extinction stages using an 1--7 scale of fearfulness (on a 7-point Likert scale: 1: mildly; 4: moderately; 7: extremely).

Day 3 fear re-extinction

In re-extinction stage, the stimulus was presented without reinforcement (the neural pictures terminated with the CS+). The re-extinction was same for both groups and consisted of stimuli with non reinforcement (60 CS+, 60 CS−). The re-extinction sessions lasted for 30 min, and subjective fear ratings (CS+ and CS--) were obtained immediately following re-extinction stages using an 1--7 scale of fearfulness (on a 7-point Likert scale: 1:mildly; 4:moderately; 7: extremely).

Furthermore, to verify that both the subjective fear ratings and the skin conductance response (SCR) are valid indicator of fear response, we recruited another twenty-five right-handed participants (two subjects were eliminated from statistical analysis because they did not acquire fear conditioning) to conduct the same task of fear acquisition using the subjective fear ratings and SCR as the index of fear. A significant between the subjective fear ratings (differential fear ratings, CS+ vs. CS−) and SCR was observed (*r* = 0.57, *p* = 0.005).

We used the fear picture as the unconditioned stimulus at the stage of fear acquisition, so the process of fear acquisition and the extinction become slower. That also explained, the reason why the number of conditioned stimulus (CS+ and CS--) was more than that in the typical design during the stage of fear acquisition, fear extinction and fear re-extinction in the present design[@b9][@b11]. Moreover, we used the presentation of CS+ and US to activate the fear memory. This treatment was line with the Duvarci and Nader's research[@b25]. The presentation of CS+ and US served as the stimulus of the fear reminder but not reinforcement. Finally, in our study, we also used the CS+ and neutral picture in the stage of reactivation in no reminder group to avoid treatment inconsistencies (neutral in no reminder group vs. fear in the reminder group).

fMRI acquisition
----------------

We used a Siemens TRIO 3.0T MRI scanner (Siemens Magnetom Trio TIM, Erlangen, Germany) to collect functional imaging data. Head movement was restricted using foam cushions. T1-weighted images were recorded with a total of 176 slices at a thickness of 1 mm and in-plane resolution of 0.98 × 0.98 mm(TR = 1900 ms; TE = 2.52 ms; flip angle = 9°; FOV = 250 × 250 mm^2^). An Echo-Planar imaging (EPI) sequence was used for data collection (TR = 2000 ms; TE = 30 ms; flip angle = 90°; FoV = 192 × 192 mm[@b2]; matrix size = 64 × 64; voxel size = 3 × 3 × 3 mm^3^; interslice skip = 0.99 mm; Slices = 32).

fMRI data analysis
------------------

fMRI data was performed using SPM8[@b60]. For T2\*-weighted images, slice timing was used to correct slice order, the data was realigned to estimate and modify the six parameters of head movement, and first five images were discarded to achieve magnet-steady images. The T1-weighted images were co-registered to the EPI mean images and segmented into white matter, grey matter, and Cerebrospinal fluid (CSF). These images were then normalized to MNI space in 3 × 3 × 3 mm^3^ voxel sizes. The normalized data were spatially smoothed with a Gaussian kernel; the full width at half maximum (FWHM) was specified as 6 × 6 × 6 m^3^. The REST and DPARSF software were further used in rest-state analysis[@b61][@b62]. After preprocessing, the time series for each voxel was filtered (bandpass, 0.01--0.08 Hz) to remove the effects of very-low-frequency drift and high frequency noise such asrespiratory and heart rhythms[@b35][@b63]. Next, the filtered time series were transformed to a frequency domain with a fast Fourier transform (FFT) and the power spectrum was then obtained. Finally, the square root was calculated at each frequency of the power spectrum and the averaged square root was obtained across 0.01--0.08 Hz at each voxel. This averaged square root was taken as the ALFF[@b37].

ALFF analysis
-------------

After achieving the ALFF images of the reminder group and the no reminder group, we performed two sample t-test analysis between the reminder group and the no reminder group (REST2 vs. REST1) to investigate the spontaneous brain activity following a short period of fear memory reactivation, the threshold of *p* \< 0.01, Alphasim corrected, voxels  ≥ 40.

Regions of interest analysis (voxel wise)
-----------------------------------------

For voxel wise analysis, we calculated functional connectivity with the region of interests (ROI) in amygdala based on the voxel wise. ROI were selected on the basis of prior studies[@b38] and the ROI was defined using MarsBaR[@b64], in other words, the amygdala was defined as a 10 mm spherical ROI centered on the Montreal Neurological Imaging (MNI) coordinate(right amygdala, 27, 5, −17; left amygdala, −15, −1, −14). The functional connectivity was estimated based on the detrended, filtered, and covariables removed images. The covariables included the six head motion parameters, global mean signal, white matter signal and CSF signal[@b65]. The global signal is thought to reflect a combination of physiological processes (i.e., cardiac and respiratory fluctuations), and therefore, was treated as covariates to account for such effects[@b51][@b66][@b67]. The time course of each participant was obtained separately from activation maps, and was then used as regressors in a voxel-based whole-brain correlation analysis. Importantly, the time course from the same voxel was used as a regressor for each participant. After obtaining the functional connectivity maps of the reminder group and the no reminder group, we conducted two sample t-test analysis between the reminder group and the no reminder group to investigate the functional connectivity of brain influenced by the fear reminder, the threshold of *p* \< 0.01, Alphasim corrected, voxels ≥ 40.

Correlation analysis between ALFF and behavioral data
-----------------------------------------------------

To investigate whether the ALFF following fear reminder predicts extinction effect (∆fear ratings: the fear ratings on the first day subtract the fear ratings on the third day), we conducted the correlation between ALFF and the change (∆) in subjective fear ratings (the first day vs. the third day) in the reminder group. ROIs were selected on the basis of the differences of ALFF between the reminder group and no reminder group in rest functional MRI, that is, centering the ROI on the peak of activation of vmPFC (MNI coordinate) (vmPFC, 9, 54, −12).
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![Mean differential fear ratings (CS+ vs. CS−) during acquisition, extinction and re-extinction stages in the reminder group and the no reminder group.](srep16701-f1){#f1}

![ALFF differences between reminder group and the no reminder group following the fear reminder.\
(P \< 0.01, *Alphasim corrected*; Voxels  ≥ 40).](srep16701-f2){#f2}

![There was much stronger functional connectivity between the amygdala and vmPFC in the reminder group than that in the no reminder group following the fear reminder.\
(P \< 0.01, *Alphasim corrected*; Voxels ≥ 40).](srep16701-f3){#f3}

![The ALFF of vmPFC was positively correlated with the change (∆) in subjective fear ratings in the reminder group (*r* = 0.62, *p* = 0.01).](srep16701-f4){#f4}

![Diagram of the phases in the experiment.](srep16701-f5){#f5}

###### Detailed information for clusters showing group ALFF differences (MNI coordinates).

  Anatomical label    BA   Cluster size   Hemisphere   Peak t-value   Peak location
  ------------------ ---- -------------- ------------ -------------- ---------------
  aMCC                         109            L            4.26          −9 9 27
   pMCC               23                      R            3.91         6 −15 33
   pMCC               24                      L            3.47         −6 −12 33
  vmPFC               10        78            R            4.01         12 57 −6
   vmPFC                                      R            3.32          9 42 −9
   rACC               32                      R            2.65          6 42 6
  OFC                 11       131            L            3.58        −24 36 −12
   Caudate                                    L            3.21         −12 15 −9
   pgACC              32                      L            3.19         −9 33 −6
  Culmen                        52            L            3.28        −30 −60 −33

Abbreviations: BA, Brodmann area; L, Left; R, Right; aMCC, Anterior Middle Cingulate Cortex; pMCC, posterior Middle Cingulate Cortex; vmPFC, ventromedial Prefrontal Cortex; rACC, rostral Anterior Cingulate Cortex; OFC, Orbitofrontal Cortex; pgACC, Pregenual Anterior Cingulate Cortex.

ALFF differences between reminder group and the no reminder group following the fear reminder. (REST2 vs. REST1).
